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TITROUS OXIDE SUPERCH.\ }ING OF AT ATRCRAFTSENGINE CYLIFDER

By P'ax J. Tauschek, Lester C, Corrington
and licrle C. Huppertd

SUMMARY

Aninvestigation was made to determine the por ormance of
an alrcraft—englno ovllnder using nitrous oxide to providec ad-
ditional supcrcharging. Single-cylinder tosts were condueted
at constant manifold pressure in which nitrous oxide was added
as a gas to the inlet air to provide cxtra supercharging.
Determinations werce made of the eoffects of this mcthod of supcre
cherging on power output, cylinder-head f omperauur,, and fucl
consumption; and an cvaluation was made of methods of cooling
the cylinder when using nitrous oxide. Additional tests werce
conducted to find the cffcets of nitrous oxide supercharging on
the knock limits when using 28-R and 33<R fucls. Calculations
were made using theose data to estimate the effect on engine por-
formance of injecting the nitrous oxide into the induction
systom as a liquild,

The results of the tests and calculations arc summarizcd

as follows:

o]

Inj.ction as a gas (tost rosults):

l. With constant manifold pressurc, the nitrous oxide in-
creased the power cutput about 14 perccent on an indicated basis
at a nitrous oxide-alr ratio of 0,1; this increcasc amounted to
asout 28 percent at a ratio of 0.Z2.

2o The knock-limited powver output was increascd avbout 9
poercent on an indicated basis with a nitrous oxide-ailr ratio of
0.1 and apbout 17 perccnt with a nitrcus oxide-air ratio of 0.2.
The knock-limited manifold pressurc was decreasced about 2 por-
cent and 4 percent, rospcoctively, for thoesc ratios.
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3, Incrcasing thc oxygen concentration in tho charge by the
addition of nitrous oxide incrcased the flame specd, rcoculting in
decereased values of optimum spark timing. This effoct was cs=-

ceially notable at extromely rich fuel-oxygen ratios.
N N JE _

4, The usc of nitrous oxide rcsulted in abnormally high
cylinder-head temperatures. When knock 1s not a limitation, those
tomperaturcs can ve controlled to best advantage by the usc of
mixbturc cnriclment. When knock is a limitation, the usc of water
or watcr-alcohol injection may be proferable.

Tnjooction as a liquid at -128° F (calculated results):

1. The nitrous oxide would lower the. inlot-nixtur@ tempera-
ture to such an oxtent when injected as a liquid that poor mixture
distribution may result unless spccial means arc prov¢dcd to pro
vent this difficulty. When mixturc distribution is not a proovlom,
caWoulct"onu indicate that the liquid nitrous oxide would incrcasc

the indicated power output about twicc.as much as with gascous in-
jection for d given marlfold pressurv,. . | '

2. Calculations and tost: duta uhOJ thaf thc 1owcrbd mlxturo
temperatures brought about by injection of nltroug oxide as a
liquid should cauvse the knockelimited indicated power output to
be somcwhat lower than that obtained with gascous injection at a
fucl-oxygen ratic of 0.410. At richer fucleoxygen ratios, how-
cvor, the knock-limited power was incrcased as the mixture tom-
peraturc was lowered. u v

IHTROLUCTION

A number of investigations have btecn oonduct .d to determine
the coffcetivencss of oxygen superchargzing of military aircraft
engines, partloularly for momentary bursts of powcr at high alti-
tudes. {(Sce referencoes 1 and 2.) The tests of refercnce 1 showed
that, although the addition of oxygen supplicd considerablc cxtra
power, the offcet on the nock limit and on engine tomporaturcs
wasg debrimental unless large quantities of internal coolants were
injected, -

Recently the Jir Tochnical Scrvice Cormmand, Army -ir Forcces,
rcquested the NACL 6 conduct tosts using nitrous oxide to provide
additional oxygen for supcrcharging. Data obtained from the .lrmy
Mr Forces indicated that this compound tras selected in an attompt
to obtoin the benelits of oxygen supercharging without incurring
any rcduction of the knock limit. It was undorstood that the
tests should be applicablc insofar as possible to the in-line
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liquid-cooled engine with a 1650-cubic-inch displacement installed
in a pursuit airplane, Inasmuch as no single-cylinder setup of

the 1650w.cubic=-inch displacement engine was avallable, the tests
were conducted on a single~cylinder setup of an in-line liquid-
cooled engine with a 1710-cubic-inch displacement. The compression
ratio of the 1710 cylinder was adjusted to that of the 1650
cylinder; other operasting conditions were selected to correspond

as nearly as possible to those of the 1650 engine,

The tests were conducted at the dleveiand Laboratory of the
NACA during the early part of 1945,

FURLS AND MATERTALS

Two fuels, 28-R (grade 100/130) and 33«R (grade 115/145),
were used in the tests, The A,S.T.IlM., distillation curves for these
fuels are shown in figure 1,

The nitrous oxide used in the tests was obtained commercially
and was indicated to .be at least 98 percent pure; the impurities
in the nitrous oxide were mostly free nitrogen. The normal
boiling point of nitrous oxide is -128C I" and the vapor pressure
at 700 F is about 760 pounds per square inch absolute. Complete
data on the variation of vapor pressure with temperature are shown
in figure 2, which was plotted from data given in reference 3, page
48, ~ Other pertknont thermodynamic data for nitrous oxide, obtained
from references 3, 4, 5, and 6, are presented in table I.

Extrapolation of the vapor-pressure curve (fige. 2) to the
fusion temperature of =152,30 F for nitrous oxide (table I)
- indicates that the fusion temperature will cqual the saturation
temperature at a pressure of about 7 pounds per square inch absolute.
Nitrous oxide cannot therefore be kept as a liguid unless it is
under a pressure greater than 7 pounds per square inch absolute; if
the nitrous oxide is kept as a liquid by self-refripgeration some
precautions are necessery to prevent freezing,

Some of the tests were conducted using two internal coolants,
water and a mixture of 50=-percent water and 50-percent ethyl
alcohol by volume. The ethyl alcohol was denatured with Sepercent
methyl alcohol. The engine was cooled with a mixturc of 30-percent
ethylene glycol end 7O-percent water by weight and was lubricated
with Navy 1120 oil.

APPARATUS

e it ey
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5, and 6 were used to obtain the data for this report. A description
of this engine is given in reference 7.

A piston providing a compression ratio of 6,0 and equipped
with a chrome-plated keystone top ring was installed in the engine,
Because of' the high temperatures encountered during the tests,
Nichrome-coated exhaust valves and 00¢duoperat1ng spﬁr& ‘plugs were
used to avoid prelgnltlonq

Nitrous oxide metering apparatuse - A diagrammatic sketch of
the nitrous oxide system used with the test engine is shown in fig-
ure 3, The nitrous oxide tanks were inverted in order that the
liquid would drain from them first, The nitrous oxide passed from
the tanks through an expansion valve, which also regulated the flow
rate, and into an evaporator where :any remaining liquid was vaporizeds
The gas was then piped through a metering orifice and into the
combustion~air surge tank,

Induction system, = The combustion air was taken {rom the
central laboratory system and passed through a pressure-regulating
valve; a measuring orifice, and an electric heater before entering
the surge tanke In this tank, which had a capacity of about 18
cubic feet, the nitrous oxide and the combustion air were mixed.
At the exit of the surge tank the fuel and the internal coolants
(when uscd) were admitted to the mixture. The mixture then passed
through the vaporlzatlon tank and to the engine-inlet port.. The
vapori ation tank was equipped with several inclined baffles to aid
in providing a homogencous mixture of fuel, internal cooTant
nitrous oxide; and air,

A Instrumentation, - Thine~plate orifices, installed in accordance
with A,8.M.E, stendards, were used to measure the flow rates of the
nitrous oxide and the combustion air., The differcntial pressures
across these orifices were measured with water manometers. A Bourdon

- gage measurced the pressure before the nitrous oxide orifiice and a
mercury manometer measured the pressure before the combustion-air
orifice. The fuel-flow rate and the 1nternal-cooWant flow rate
were measurced with calibrated rotawotors,

All temperatures were measured with irone-constantan thermo-
couples connected to a self-balancing potentiometer. The cylinder-
head thermocouple was located betwesn the cxhaus b=valve seats in the
position indicated in- fl”urb 4o
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DEFINITION OF TERLS

Witrous oxide-air ratio. - Because the nitrous oxide was used
to supplement the air in supporting conbustion, it was decided that
the nitrous oxide flow should be expressed as a function of the air
flow. For this reason the term "nitrous oxide-air ratio" (ratio of
mass rate of flow of nitrous oxide to mass rate of flow of air) was
selected to describe the nitrous oxide flowe The use of this dimen-
sionless ratio facilitates the comparison of data obtained at differ-
ent engine conditions,

Fuelaoxygen ratioe= The commonly used term.!'fuel-air ratio"
cannot be used to.desecribe adequately mixture strength when there
is introduced. some material that also supports combustion. The
term "fuele-oxygen ratio" (ratio of mass rate of fuel flow to mass
rate of oxygen flow with the oxygen in both the air and the nitrous
oxide considered) has therefore been used throughout the report to
describe mixture strength, Four values of fuel-oxygen ratioc have
been used in this investigation, With no nitrous oxide flow the
fuel-air ratios equivalent to these fuel-oxygen ratios are:

Fuelwoxygen ratio Fuel-air ratio
0,410 0,095
2453 6105
495 RS
539 0125

Optimum spark timing, = As used in this report the term
"optimum spark ciming' refers to the spark timing giving maximum
power at constant manifold pressure for a given set of operating
conditionse "

Tnternal coolanb-nitrous oxide ratio. = In the course of the
investigation it was found that the use of nitrous oxide caused
ebnormally high cylinder temperatures. Because the amount of extra
cooling required to limit these cylinder temperatures depends on the
nitrous oxide flow, this extra cooling should be expressed as a
function of nitrous oxide flow. When internal coolants were used to
provide this extra cooling, the term "internal coolant-nitrous oxide
ratio" (ratio of mass rate of internal-coolant flow to mass rate of
nitrous oxide flow) was used as a measurce of the amount of internal
coolant supplied to the charge.

Rgotio of supplemental fucl to nitrous oxide. - During a part of
the investigation some data were obtained at rich mixtures to find
the effect of mixture enrichment on cylinder cooling, In order to
make these results comparable with the results of tests using
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internal coolants, the amount of mixture enrichment was expressed
by the term "ratio of supplemental fuel to nitrous oxide." The
supplemental fuel refers to the mass rate of fuel flow greater than
that required for the basic fuel«woxygen ratio of 0,410,

TEST PROCEDURE

Throughout all tests the follwoing operating conditions were
maintaineds

Eng’ino Speed, I‘pmoca.a.o.oa..-..;.o...oo”........o.a...ene..oeB'OOO
Compression rabiOeccvcasvesscoscocosessscsoccssnososssonascosan g0
Inlet-oil tompera'bure, .OFaoo.o@oo-oococeooconotnc@occaoooooooooc 185
Outlet-coolant temperature, OFsssescvscsccuscsssvescocescocseos «00
Coolant flOW, g‘allons per minu'beoeoue.uo......-”.-o“.“o'.og 120

The nitrous oxide was injected as a gas for all tests. For
each test the temperature of the inlet air upstreem of the fuel and
internal-coolant nozzles was adjusted in order to obtain the desired
inlet-mixture temperature at the cylinder port without nitrous
oxidecs, When the nitrous oxide was injected the mizxbture of nitrous
oxide and alr was heated to the temperaturc required for air alones
Because additional fuel was required to maintain a constant fuel-
oxygen ratio with nitrous oxide supercharging, the mixture temper= -
ature at the cylinder port decreased slightly as the nitrous oxide
flow was increaseds,

Test with constant maenifold pressure. - The tests with constant
manifold pressure were run with a certain basic operating condition
from which cach basic variable (except mixture temperature) was
separately changed to determine the effects of nitrous oxide supcre
charging on engine performance at various operating conditions. The
following table shows the basic variables and the values used when.
conditions other than the basic were tested, '
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Variable i Basic Values used
i value
Manifold pressure, in Hg ; _
absolute i 50 ‘ 304560, 70
[fuelwoxygen ratio 0,410 | 80,410 (0,095), 0,453 (0,105)

_ 0:.495 (0e115), 0,539 (0.125)
Spark timing, deg D.Ta4Co

Inlet 28 . 14-52
Exhaust 34 i 2068
Mixture temperature, OF. 150 ! 150
(with no nitrous oxide |
£low) : z ;
Internal coolantwnitrous | 0 | 0, 0425, 0,50

oxide ratio

%Values in parentheses indicate the corresponding fuel~air ratio
with no nitrous oxide flow, ’

For all except the sparketiming tests, the nitrous oxide flow
was the independent varisble. For the spark-timing tests the nitrous
oxide-air ratio was held constant while the spark timing was varied
through the desired range.

The fuel used for all the tests with coustant manifold prescure
was 35=-R,

Knock-limit tests, = Tests were run to determine the effect of
nitrous oxide flow on the knock limit with 28-R and 33-R fuecls,
Both fuels were tested at the basic operating conditions (except
manifold pressure) noted in the table for the constant manifold=-
pressure tests. In addition, knock tests were run with 33-~R fuel
with an enriched mixture (0,495 fuel-oxygen ratio) and with a
lowered mixturce temperature (approx. 60°F), Nitrous oxide flow
was the independent variable for the knock testss

RESULTS AND DISCUSSION
Results of Tests with Nitrous Oxide Injected as a Gas

Effect of nitrous oxide supercharping at constant manifold
pressure. = Figure o shows the variation of indicated mean
efTective pressure with nitrous oxide-air ratio for constant
manifold pressures of 304 50, and 70 inches of mercury absolutee.
The percentage increases in indicated mean effective pressure for
various nitrous oxide-alr ratios are presented in table II for a

manifold pressure of 50 inches of mercury absolute. These data show
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that the power output increased almost linearly with the nitrous
oxide-air ratio, A nitrousmide-air ratio of O¢l resulted in an
increase of about.l4 percent in power output and a ratio of 0.2
resulted in an increase of about 25 percent. The percentage
values varied onlv a small amount with menifold pressure, becoming
slightly less as the manifold pressure was increasede

In figure 6 the oylinder-head temperature 1s plotted as a
function of indicated mean effective pressure for these same testse
The increase in the cylinder-hcad temperature was considerably
greater for a given iuncrease in power output with nitrous oxide
supercharging than with air supercharging. This effect caused con-
siderable trouble with preignition at the higher outputs until
colder-operating spark plugs were installed. This repidly rising
cylinder-head temperature is probably caused by higher equilibrium
flame temperatures assoclated with the increased oxygen concentraw
tion in the charge, '

Effect of nitrous oxide supercharging on the knock limit, - The
knock-limited performance of ob-k and S4-R fuels with nitrous oxide
supercharging is shown in Cigure 7, With both fuels the knock=-
limited power output was increased when nitrous oxide was injected
whereas the knocli~limited manifold pressure was decreased. With a
nitrous oxide-air ratio of 0,1 the knock-limitced indicated mean
effective pressure was increased about 9 percent for both fuels with
a decrease in knock=limited manifold pressure of about 2 percent;
with a nitrous oxide-air ratio of 0,2 the increase in knock-limited
indicated mean effcctive prossure was about 17 percert with &
decrease -in knock~limited manifold pressure of about 4 percents

Data similar to those shown in figure 7 were obtained at a
richer mixture (0,495 fuel-oxygen ratio) and at a lower inleote-
mixture temperature and are plotted as a function of inlet-mixture
temperature in figure 8.  Straight lines were drawn betweon the
points because only tvo mixturce temperatures were tested for each
fuel-oxygen ratios. Here again the knock-limited indicated mcan
elfective pressure was ralsed and the knock-limited manifold pres-
sure was lowercd as the nitrous oxide-air ratio was increcased for
all engine conditions tested, As the mixbure temperature was
lowered with the leaner fuel-oxygen ratio, the prescnce of nitrous
oxide caused the knock-limited power output to be also lowercd; with
the richer fucl-oxygen ratio the injcction of nitrous oxide caused
the knock-limited power output to incrcase as the mixture tempera=
ture was lowered, These facts are important in estimating the
effect on engine performance of injecting nitrous oxide as a liquid,



NACA MR No, LbFZ6 9

Spark-timing requirements with nitrous oxide supercharging. =
The results of tests to determine optimum spark timing with varyin:
percentages of nitrous oxide at two fuel-oxygen ratios are pre=
sented in figure 9; figure 10 shows optimum spark timing as a func-
tion of the nitrous oxidewair ratio, It will be noted that in all
cases the optimum spark timing was retarded as the percentage of
nitrous oxide in the charge was increased; this effect became more
pronounced as the mixture was cnriched, The richer fucl-oxygen
ratio tested (0,495) is near the limit of inflammability for fuel-
air mixtures and consequently required a large ignition advance to
compensate for the resultant low flamec specd, Increasing the oxygen
concentration in the charge by the addition of nitrous oxide
increases the flame specd and permits optimum operation at a much
more rctarded spark timinge

The fucl consumption was reduced apprcciably with the addition
of nitrous oxide. (See fig. 9¢) This docrease is probably caused
by two effects: (1) Nitrous oxide has a positive heat of formation
(teble I) and therefore liberates energy as it dissociatcs in the
combustion chamber, and (2) the incrcased concentration of oxygen
in the charge causes higher equilibrium flame temperaturcs, which
increase the cngine efficiencys : '

Effect of internal cooling in conjunction with nitrous oxzide
supercharging, = prom tho results of the tests at constant wanifold
pressurc and from the knock tests, 1t appears that the main problem
associated with the usc of nitrous oxide for cxtra supercharging
is cylinder cooling, For this reason tests werc run to determinc
the effects of mixturce enrichment (internal cooling with supplemental
fuel) and of internal cooling with water and water-alcoliol on the
cylinder~hcad temperature. The results of tests at constant mani-
fold prossurc to detecrmine the coffcets of supplemental fucl as a
means of cooling are presented in figure 1l. Thesc data show that
as the nitrous oxide-air ratio was increased the loss in power
caused by enriching the mixture became less until at a high nitrous
oxide-alr ratio the mixbturc could be greatly enriched with no loss
in powere At the same time the cylinder-hecad temperature was con~
siderably lowered by mixturc cnrichment.

Somc of these data were replotted in figure 12 with cylinder-
hcad temperature as a function of indicated mean effcctive pressurcs
the curves for supplcmental fucl were obtained from the data of fig-
ure 11 by interpolatione Thc dashed line represcnts the cylinder-
hecad temperatures cncountercd with air supercharging at a fucle
oxygen ratio of 0,410, 1If the cylinder~head temperature cncountercd
with air supcrcharging can be tolcrated for the desired incrcasc in
power output, then the amount of supplomental fucl required to limit
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this temperature to the air-supercharging value when using nitrous
wide supercharging will be about 10 percent of the nitrous oxide
flow, If the cylinder~hcad temperature cannot be allowed to exced
the original wvslue at the power level at which nitrous oxide injoce
tion was begun, the amount of supplementsl fuel required will be
about 20 percent of the nitrous oxide flow,

Data arc shown in figure 13 for intcrnal cooling with water and
wator-alcohol. Tor the intcrmediste internal coolant-nitrous oxide
ratio (0.25) both of thesc internal coolants resulted in a wvery
slight incrcasc in power as comparcd with the slight decrcase noted
for cooling with suppleomental fueles The leveling of the mixturce
temperature curves in figure 13 indicates saturation of the mixture
with the intcrnal coolants, Data from figure 13. wore replotted in
figurc 14 with cylinder-koad temporsaturc as a function of indicated
mean offoctive pressurc, With both of the coolants (water and water-
alcohol) the ratoc of flow required to limit the temperaturc to that
obtaincd with oir supcrcharging was about 25 percent of the nitrous
oxide flow as comparcd with the 10 pcrecent previously mentioned for
- cooling with supplemental fuecl. In order to limit the cylinder-hcad
tomporaturc to the original valuc at the power lovel where nitrous
oxide injcction was bogun, it appcars that the flow of cither water
or watcr-alcohol would have to be about 40 percent of tho nitrous
oxide flow, The corresponding flow rate for supplemental fucl in
this casc was 20 percent. ' »

The results just mcnbioncd show that the amount of supplemental
fuel required for cooling the cylinder with nitrous oxide supere
charging was less than half tho required amount of cither watcr or
water-alcohole It has also boun shown that the effeet on pover oubt-
put was small for any of thesc mcthods of intcrnal cooling, VWhen
knock is not a limitation the usc of mixture cnrichment is profcre
ablc to watcr or waterwalecohol injection if tho nitrous oxide flow
rate is such that coxtra cooling is recquired., Vhen kndck is a limi-
tation, however, it may be nccossary to resort to water or water-
alcohol injcction beceausc mixturce cnrichment decercascd the knock
limit at these low mixturc tomperaturcse (Sce fige 8s)

Estimation of Results with Nitrous Oxide Injected as a Liquid

Power output at comnstant manifold pressurc, = In a multicylinder
cngine the nitrous oxide would prooably be.injected into the induc-
tion systom as a liquid ratheor than as a gas becausc of the comparae-
tive simplicity of the liquid system and becausc of the charge
cooling obtaincd by the cvaporation of the liquid., For this rcason
calculations were made to cstimate the power output that would be
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obtained at constant manifold pressure with nitrous oxide injected
as a liquid at its normal boiling point (=1280F), The methods used
in making these calculations appear in the appendixe

Figure 15 and table III show the power output that could be
obtained with liquid nitrous oxide injection as compared with the
power output obtained with gaseous injection at constant manifiold
pressure, It appears from figure 15 that the increase in power out
put obtained by liquid injection would be about double the increase
obtained by gaseous injection at all valves of nitrous oxide-alr
ratio, The nitrous oxide, hovever, lowers the inlet-mixture temper-
ature so much when injected in this manner that 1little of the fuel
would be vaporized at the time of induction into the cylinder, which
would probably lead to mixture-distribution difficulties with the
multicylinder engine. If extremely high nitrous oxide-air ratios
were used (above 042) the mixbure temperature might even be lowered
so much that the use of water injection for cylinder cooling would
cause icing in the induction system. The best solution for these
difficulties would be to inject the nitrous oxide into the intake
manifolds as near as possible to the individual cylinder ports.

The desirable feature of higher charge-air density (due to lower
mixture temperature) would be partly lost because of lack of time for
complete vaporization and mixing before induction into the cylinder;
this loss would be compensated for in some measure, however, by the
high density of the liquid nitrous oxide entering the cylinder,

Knock~limited power output. - The lowered inlet-mixture tempers=
atures brougnht apout by injection of the nitrous oxide as a liquid
would be of doubtful value where the knock limit is concerned,
Figure 8 shows that at the basic fuel-oxygen ratio of 0,410 the pres-
ence of nitrous oxide caused the knock-limited indicated mean effec~
tive pressure to be lowered as the mixture tomperature was lowered,
These curves have been used for determining the values of knocke
limited indicated mean effective pressure with liguid nitrous oxide
injection given in table III., (Sec the appendix for methods used in
making these determinations,) On the basis of these curves and the
information in table III it is secn that the nitrous oxide would
increase the knock-limited power only sbout hall as much with liquid
injection as with gaseous injection., If mixture enrichment is used
to limit the cylinder temperatures when using nitrous oxide, this
situation may be changed to some extent because figure 8(b) shows
the knock~limited power at a richer mixture (fusl-oxygen ratio of
0.495) to be increased =as the mixture temperature is lowered,
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SUMMARY OF RESULTS

The results of the tests and calculations to investigate the
possibilities of using nitrous oxide for extra supercharging at high
altitudes are summarized as follows:

Injection as a gas (test results):

1, With constant manifold pressure, the nitrous oxide increased
he power output about 14 percent on an indicated basis at a nitrous
oxidew-air ratio of O¢l; this increase amounted to about 25 percent
at a ratio of 0.2

2¢ The kmnock=~limited power output was increased about 9 percent
on an indicated basis with a nitrous oxidewair ratio of 0.1 and
about 17 percent with a nitrous oxidewair ratio of 0,2, The knocke
limited manifold pressure was decreased aoout 2 percent and 4 per-
cent, respectively, for these ratios,

3. Increasing the oxygen concentration in the charge by the
addition of nitrous oxide increascd the flame speed, resulting in
decreased values of optimum spark timing. Thlo effect was especially
notable at extremely rich fueJ-ox*gon ratios,

4o The use of nitrous oxide resulted in abnormally high cylinder-
head temperaturec., lhen knock is not a limitabtion, these ltemperae
tures can be controlled to best advantage by the use of mixture
enrichment, When knock is a limitation, the use of water or water-
alcohol injection may be preforable,

Injsction as a liguid at -1289F (calculated results):

1, The nitrous oxide would lower the inlet-mixture temperature
to such an cxtent when injected as a liguid that poor mixture distri-
bution may rosult unless special means are provided to prevent “his
difficulty. When mixture distribution is not a problemy calculations
indicate that the liquid nitrous oxide would increase the indicated
power output about twice as much as with gascous injection for a
ziven manifold pressure,
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2. Calculations and test data show that the lowered mixture
temperatures brought about by injection of nitrous oxide as a liquid
should cause the knock=limited indicated power output to be somcwhat
lowecr than that obtained with gaseous injection of a fuel-oxygen
ratio of 0,410, At richer fuel-oxygen ratiosg however, the knocke-
limited nower was increased as the mixturce temperature was lowercd.

Adrcraft Enginc Research Laboratory, <
National Advisory Committee for Aeronautics,
Cleveland, Ohio, Junc 238, 1945,
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APPENDIX « ESTIMATICON OF ENGINE PEEFORMANCE WITH
INJECTIOW O LIQUID NITROUS OXIDE

During the iuvestigation made at the NACA on supercharging with
nitrous oxide, the tosts were all conducted with nitrous oxide
injected as a gas and then heated to the temperature of the inlet
irs  The usc of ligquid nitrous oxide at a low temperature, hovwever,
vould bring about a pronounced drop in the inlet-mixturc temperature
at the cylinder port snd would therelore have an effect on engine
performances

tde

ho]

ot

s
ph

valuation ol the cooling effect of the nitrous oxide was first
necessary. The evaporation of the fuel would probably not be com-
rlete at the resulbing low Inlet-mixture temperatures; data were
obtaincd to show the variation of mizture temperature with inlet-air
temperature in this low-temperature renge, The curve plotted from
these data were used in the calculetions.

The COOlil'l. cffect of the nitrous oxide was determined from the
>
>quatlon

B ]
W -t ) =W - +E
W op, (g = ) M0 GPNZO Ccm thQ +HVN20 (1)

-t

vhere
W mass rate of flow of air, lo/hr
a 3
V., . mass rate of flow of nitrous oxide, Ib/hr
No QO
4
c heat of air at constant pressure, Rtu/(1b)(°OF)
P,
Cy specific heat of nitrous oxide gas at constant pressure,
217,0 Vi A1 Y Om )
WO stu/(1bh) (7] )
ty initial temperature of the air, °OF
tUuO initial temperaturc of the nitrous oxide, OF
4
’t tanne ~ahs ) £ +he resul tin~ mixture O
- cuperature ol the resultinrs mixture, T
i1l v
HV”zO latent heat of vaporization of nitrous oxide at tempera=

ture Btu/1b

\20,
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0:212 for o 2 17145 for
P50

HVNZO’ 210 for tag and =128 for tNZO aye substituted into

When values of 0,24 for Cp_»
a

equation (1) and it is solved for +t the equation becomes

mé

50¢4 - 198,6 (WNZO/Wa)

= ; / \ (2)
0s2%4 + 0,212 (WNZQ‘Wa,

where WN O'Wa is the nitrous oxide~air ratio. The inlet-air

2
tewperature of 210° F wes takon from the curve %o correspond to an
inletemixture temperature at 150° F,

Equation (2) was used to calculate the resultant temperature
for various mixtures of nitrous oxide and air, The mixture temper:-
ature corresponding to the calculated inlet-air temperature was
determined by means of the curve previously mentioned.,

The increase in indicated cngine output caused by charge cooling
is dependent upon the increase in charge density and is given by the
reciprocal of the ratio of the absolute temperatures. Accordingly,
the increase in indicated mean effective pressure with the use of
liguid nitrous oxide is given by

(imep)Z - (imep)g (Tg/Tz) (3)

where

(imep)z indicated mean effective pressure with liquid nitrous
oxide, lb/sq ing

(imep) indicated mean effective pressure with gaseous nitrous
& oxide, 1b/sq in,

T7 mixture temperature at the cylinder port with liquid
’ nitrous oxide, °R
Tg mixture temperature at the cylinder port with gaseous

nitrous oxide, °R
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Values of (imep)g were taken from figure 5, and a mixture

temperature of 6100 R was used for T Bquation (3) was then used

g.’i
to determine the indicated memn effective pressures for liquid
nitrous oxide injection at constant manifold pressurec

The knock-limited performance estimates were made by interpola~
tion of figure 8 at the calculated mixture temperatures
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TABLE I - THERMODYNAMIC PROPERTTES OF WITROUS OXIDH
Troperty Value Conditions Reference
 SR— - L
Feat of formation, BLu/lb 691 | Gas at 01010 P oand {4 (p. 162)
14,7 lb/sq ine
absolute
Latent heat of vaporization, | 1723 -1309 @ F_ép‘ 48%
:Lu;lb 139,.1 -400 F 3 (p- 48
121.4 59 5 (pae 48)
95.8 500 3 (pe 48)
Specific heat of liquid, 0,422 -128° F 5 (ppe 107=
2w/ (1) (o) 109)
Specific heat of gas at 0,212 50.86° 7 5 (pp». 107-
constant pressure, 109)
ﬁta/(ln\(o ")
Ratio of specific heals 1,260 50.860 @ 5 (ppe 10
cf gas 109)
Density of liquid, 1b/cu £t 81,2 -1300 @ E (pe 148)
3‘:).1 860 » o ('j:)e ‘:8)
Fusion temperature, °F w152¢3 | mmmmmmoeceme e maeeeal § (ppa 45%-
4E5)

TABLE II - INCREASES IN ENGINE POWER WITH IITROUS OXIDE
INJBCTTION AT CONSTANT MALTIFOLD PRESSURE
. . A i . LA
Nitrous [Witrous oxide injected Nitrous oxide injected
oxide~ | 28 gas at 2109 W as licuid at ~1280F
air (a)
ratio Indicated Percentage Wndicated [Percentage
P@lﬂ,biicbm increase fmean effecw~ {increase
¢ Ve Prese tive pres-
*lsxr‘ sure
0.00 L RST o o e o 257 e e
.06 1 285 8 275 16
10} 271 14 311 31
15 I 285 20 388 43
«20 § 297 25 369 56
225 1 307 30 406 71
“Calculsted values, National Advisory Committee

for Aecronsutlcs
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TABLE ITI - INOCK-LIKITED PERFORIANCE WITH NITROUS OXIDE INJECTION
|Fuel, 33-R; fuel-oxygen ratio, O. 419
tHitrous HMitrous oxide injected as gas at Ni itrous oxide injected as 11qu1d
loxide- | 210° F § ot -1280 F
Leir ; (a) :
FEYIO knooke i Tmocke  Percentage  pnocle | Knooke  [Percentags |
Jlimited | limited  [increase Iny jinited | limited  increase inm |
menifold | indicated imdicated | ponirold | indiceted |indicabed |
‘prescure |, mean effec- _meen effec- prcssure§ mean effecHmean effec-
i(in. Hg | tive Pres“ tive pres- | (in, Hg | tive pres=-itive pres- |
labsolute) | sure sure ; aoooluﬁoy sure lsure ;
; i (1b/sq in. 5 (1b/sq inc%
0,00 | 8045 385 TSP, ——— 80,5 i 38 .
05 | 79,6 405 5 5 75,0 ; 404 .5 ;
. .10 ¢ 78,8 420 | 9 [ 69,1 . 415 .8 ;
1 : - . :
L .15 1 78,0 436 13 i V84,5 . D422 .10 !
' ; { ; :
220 P77,0 452 I AU O U -

CaLculated values,

bExtrapo

lated,

National Advisory Committee
for Agronautics
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Figure 15, - Effect of nitrous oxide-air ratio on indicated mean effectlve pressure with
liquid and with gaseous nitrous oxide injection, Calculated by methods descrived in

appendix with data from figure 5, Fuel-oxygen-ratio, 0.410; manifold pressure, 50 inches

mercury absolute,
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